Estrogen has a profound impact on human physiology and affects numerous genes. The classical estrogen reaction is mediated by its receptors (ERs), which bind to the estrogen response elements (EREs) in target gene's promoter region. Due to tedious and expensive experiments, a limited number of human genes are functionally well characterized. It is still unclear how many and which human genes respond to estrogen treatment. We propose a simple, economic, yet effective computational method to predict a subclass of estrogen responsive genes. Our method relies on the similarity of ERE frames across different promoters in the human genome. Matching ERE frames of a test set of 60 known estrogen responsive genes to the collection of over 18 000 human promoters, we obtained 604 candidate genes. Evaluating our result by comparison with the published microarray data and literature, we found that more than half (53.6%, 324/604) of predicted candidate genes are responsive to estrogen. We believe this method can significantly reduce the number of testing potential estrogen target genes and provide functional clues for annotating part of genes that lack functional information.
INTRODUCTION
Estrogen is a steroid hormone that has a profound impact in maintaining human physiological function. The unbalance of its production and metabolism can cause many diseases, such as breast cancer (1), obesity (2) , osteoporosis (3) and Alzheimer's disease (4) . Estrogen exerts its influence through multiple modes of action. Although the mechanisms vary, the ultimate effects of estrogen are manifested by the function of its responsive genes. Thus, identification of estrogen responsive genes becomes a crucial step for overall understanding of estrogen effects and diseases it influences.
The classical mode of action of estrogen is mediated by its receptors (5) , known as estrogen receptor (ER) alpha and beta (ERalpha and ERbeta). These receptors act as liganddependent transcription factors (TFs) that bind to specific DNA sequences known as estrogen response elements (EREs) in the target gene's promoter region. Both ERalpha and ERbeta recognize the same ERE fragment, though they have different affinities. Importantly, ERs are not the only factors involved in estrogen-controlled transcription regulation. Other co-activators and co-repressors are essential in the process. The distribution of ERs and their co-regulators are tissueand cell-type specific (6) . Relations between ERs, co-regulators and sets of TFs are established partly within the context of promoter region.
Traditionally, hormone research is based on studies of individual genes. Recently, large-scale gene expression and protein-protein interaction technologies significantly expanded the coverage of genes included in the experiments. Now, high-throughput technologies make it possible to screen a large number of estrogen responsive genes under the same experimental condition. While large number of data is accumulated this way, researchers still face at least three problems: (i) A significant number of genes found in microarray experiments are lacking well-documented functional information, though they respond to estrogen stimulation (7); (ii) While large-scale gene expression approach can provide a systematic overview of the biological response, it is not able to directly link such response to specific regulation pathways; the expression outcome can be direct or indirect reaction to estrogen treatment; (iii) In-depth studies of individual estrogen responsive genes are still very tedious and expensive. Thus, there is a need to introduce a fast, economic, yet efficient method to identify human estrogen responsive genes and provide rational clues for those that lack functional information but may be responsive to estrogen. In this study we propose a simple, economic and effective computational method to predict a subclass of genes responsive to estrogen and thus provide a partial solution to the above-mentioned problems.
MATERIALS AND METHODS
Before giving details of methods, we need to introduce several definitions:
Detectable ERE site-We define a detectable ERE site as a 17 bp ERE pattern that can be detected by Dragon ERE Finder (8) system at its default setting (http://research.i2r.a-star. edu.sg/promoter/ERE-V2b/). ERE frame-It is a 117 bp fragment that contains a detectable ERE in its center flanked by 50 bp upstream and downstream ( Figure 1) . Master genes-These are human genes for which responsiveness to estrogen has been experimentally proved and which contain detectable ERE sites in their promoter regions.
Set of human promoter sequences
Since our goal is to hunt human estrogen responsive genes, this study focuses on human genes. We collected human promoter sequences using two bioinformatic tools: PromoSer (9) (http:// biowulf.bu.edu/zlab/PromoSer/) and FIE2 (10) (http:// research.i2r.a-star.edu.sg/FIE2.0/). We used both programs with their default settings to identify transcription start site (TSS) and consequently extract promoter sequences covering [À4500, +500] segment relative to TSS determined by these tools. In total, >18 000 human promoters are collected in this way. Both of these tools have been developed to cater for the accurate extraction of promoter sequences based on the expressed sequence data, thus ensuring a great accuracy of TSS estimates. Details of their functioning and algorithms are provided in (9,10), and they have implemented the best current practices for determination of TSS location using EST/cDNA/ mRNA available data.
Selection of master genes
As a source of master genes, we used ERGDB (11) (http://research.i2r.a-star.edu.sg/promoter/Ergdb-v11/index. htm), which is a database of manually curated data on genes reported to be responsive to estrogen in different wet-lab experiments. We are aware that not all of these genes are direct estrogen targets, since estrogen responsive genes could be activated in the ER-independent manner (12, 13) . Out of all (251) human genes in ERGDB that have detectable ERE sites in their promoters, we made a random selection of 60 of these genes as our master genes. We expect that a part of these 60 genes are direct estrogen targets.
Hunting estrogen responsive genes
Using each of the frame sequences from 60 master genes and the BLAST program (14) , we matched the ERE frames with our internal human promoter sequence collection. To insure high-quality matches, we used the following criteria to filter the blast results:
(i) The identity rate between the ERE frame of the master gene and the matched target segment is >90%. (ii) The minimum length of the matched sequence has to be 94 bp (80% of 117).
(iii) A detectable ERE site in the matched sequence should align to the ERE site of the master sequence. (iv) The E-value of the blast match has to be <10 À6 , which indicates that the similarity of two sequences is very unlikely by chance. (v) Only the top 50 genes in the blast match list are considered in further analysis.
As a result, 26 ERE frames from 60 master genes have shown at least one significant match with other human gene promoters. In total, 604 non-redundant candidate genes are found in this way.
Classifications of candidate genes
We searched for functional information of 604 candidate genes in public databases, including PubMed search, and found that many of them do not have any associated functional information or they produce hypothetical proteins. We denote such genes as genes with 'function unknown'. We classified the genes that had some information about their function into two categories which we denote as confirmed (where the reaction to estrogen is documented in PubMed) and non-confirmed (where there was no published evidence in PubMed that the gene responds to estrogen). The category of confirmed genes must show direct reaction of the gene to estrogen treatment. As an example, genes found in ERGDB are either up-or downregulated by estrogen and thus they have been considered to be in this category.
Evaluation process of candidate genes
Candidate genes had been subjected to a double evaluation process. We searched for candidate genes through several published microarray studies related to estrogen treatment. Also, we used literature search to find out if a candidate gene is directly responsive to estrogen. The details of these evaluation steps are given below.
Searching microarray expression data
We consider the high similarity between the ERE frame of the master gene and the found high-scoring frames in the candidate genes as a valuable sequence-based indicator that candidate genes are potentially responsive to estrogen. To evaluate our prediction of genes reactive to estrogen, we examined 10 microarray gene expression datasets most of which are from human breast cancer cell lines (15) (16) (17) (18) (19) (20) (21) (22) (23) . We considered genes as responsive to estrogen when changes of their expression levels appear to be at least 1.5-fold (either up or down) after estrogen treatment in at least one microarray dataset. The threshold of 1.5-fold is considered in many microarray studies as sufficient to indicate reaction of the gene (24) .
Searching published literature
Additionally, we performed a literature search for evidence of gene's responsiveness to estrogen. Consequently, for all 604 non-redundant candidate genes, we searched documented evidence through published literature in PubMed database.
RESULTS
Out of sixty master human genes from ERGDB (11) Table 2 gives details of the evaluation results from gene expression data and literature search in per gene basis.
The results we have obtained confirm by hard evidence that candidate genes predicted by our computational method are responsive to estrogen in 53.6% of cases. If we combine the computational method with the search of public databases for gene functionality and exclude from the candidate gene list those genes that can be classified by 'function unknown', then our method is successful in 65.0% of cases for the remaining genes, i.e. for genes which have some of their functions already known. The real obstacle in assessment whether the predicted candidate genes are responsive to estrogen is that there are very few published results available of relevant microarray experiments with all data. Although, currently, for less than half (46.4%) of our candidate genes, we could not find supporting evidence for their reaction to estrogen, further experiments may prove that some of these genes possess such functions.
DISCUSSION
This study emphasizes how to computationally discover a subclass of estrogen responsive genes whose regulation is likely via ERE involvement. In the most well-studied estrogen reaction pathway, the hormone influence gene transcription by binding its receptors to functional ERE. Therefore, we propose that similarity of ERE frames in promoter regions is a good indicator to suggest similar gene reaction to estrogen. Through searching gene expression data, public databases and biomedical literature, we evaluated our predictions for genes responsive to estrogen. The result shows that our computational approach is feasible and that the predictions are successful in significant proportions.
Several important features in our approach are worth mentioning. The consensus ERE is a 13 bp palindromic sequence, but many functional EREs identified to date have even several bases deviations from the consensus (25) . The site mutation and transient transfection assays found that one or more bases different from the consensus can either preserve ERE binding of ER and induce transcription activity, or may completely abolish such functions (26) . Due to the cost, experimental validation of ER binding to mutated EREs has its limit in covering each possible variation of the consensus. In addition, the immediate flanking dinucleotide sequences of ERE are also important for ER binding and hormone induction (26) . Hence, using the 13 bp palindromic consensus (or 15 bp when consensus is extended by 1 bp on each side) is neither accurate nor appropriate for identification of most functional EREs. A more efficient method is based on a computational approach which uses position weight matrices (PWMs) that can cater for great variability in motif sequences. To detect ERE motifs, we used Dragon ERE Finder (8) tool built on a set of such PWMs, which is designed to detect functional ERE on genome scale with relatively small number of false predictions. Based on evaluation on the known EREs and human chromosome 21, this tool achieves 83% sensitivity while making one prediction (27) . Several tools (28, 29) exist for detection of such sites. Our approach of assigning a part of the functions (in this case the responsiveness to estrogen treatment) to genes is based on the frequently observed conservation of functionally important cis elements in genes with similar functions. We propose that in humans, the ERE site with its flanking regions is a key promoter segment associated with estrogen-induced transcription for a subclass of estrogen inducible genes, i.e. for those genes whose transcription initiation is characterized by direct binding of ER to ERE sites.
Our proposal is based on the following assumptions: (i) sequences around ERE sites are frequently highly conserved because of their functional importance, and (ii) the combined effect of ERE and several neighboring TFBSs in promoters are characteristic for transcription regulation of these genes; however, the sets of TFBSs may vary according to the biological characteristics of the gene.
We base our hypothesis on the fact that a relatively large promoter segment (117 bp) of a gene, which is known to be responsive to estrogen has very similar matches in other promoters. The preservation of such large promoter segments, which include detectable EREs and can harbor sets of TFBSs, suggests possible functional association among the respective genes. This is strengthened by the fact that genes regulated through common mechanisms or co-expressed under specific conditions often share common cis-regulatory elements in their promoters (30) .
Due to the nature of our algorithm, it is important to make reference to EREs embedded in Alu repeats. Our algorithm relies on the similarity of a large segment of promoter region between human promoters. We examined whether this similarity is the consequence of Alu repeat segments in promoters, as well as the presence of EREs within Alu repeats. The results are summarized in Table 2 . The proportion of EREs within Alu repeats in promoters of master genes is 33% (20/60), suggesting that it is likely that estrogen responsive genes possess such EREs. The similarity of promoter segments required by our method will favor selection of candidate genes that contain Alu-embedded EREs. This is exactly what one can observe, although a small portion of the candidate genes (7/604) does not contain Alu-embeded EREs. However, one should note that the functional Alu-embeded EREs are known for a long time (31) . Moreover, the gene involved in breast cancer (32) is characterized exactly by the ERE within Alu repeat. Finally, many repeats are functional [see for example FREP database (33) , see also (34) ] and may contain functional TFBSs. Thus, the presence of EREs within Alu repeats is not unusual and does not contradict our assumptions. Our method predominantly suggests genes characterized in this way.
In evaluation of what is the proportion of the estrogen responsive genes based on published microarray experiments, we faced several problems. First, very few microarray experiments provided the full datasets. Second, the naming convention for the genes included in microarrays is not uniform, making sometimes impossible to unambiguously list all genes that were included in the microarray. Third, some microarrays [(17), dataset R3 in Table 3 ] were custom-made for special purposes, making proportion of estrogen responsive genes from such microarray experiments highly nonrepresentative. For these reasons, it is impossible to make any accurate estimate about the proportion of genes that respond to estrogen, except that the spectrum of such genes is broad. In different microarray experiments that proportion varies from 0.29% up to 65.31%. In Table 3 , we provide the summary of these proportions for genes responsive to estrogen based on the criteria that we used. From the six microarray datasets (R1, R4, R5, R6, R7 and R10, see Table 3 ) for which we had full access to data, we were able to identify 21 259 unique genes. The additional 5246 entries from these data, we were not able to associate to any gene. These make a total of 26 505 microarray entries. We found 9514 estrogen responsive entries based on our criteria.
On the other hand, note that the microarray data we used come from only four cell lines (MCF-7, ZR-75, T-47D and GH3), first three of which have been used from breast cancer and the last one from pituitary gland. Due to a broad impact that estrogen has on the human body, it is also likely that with other cell lines different sets of genes may appear responsive, thus changing our current perception of what should be the expected proportion of human genes responsive to estrogen.
Another important feature of this study is the increased accuracy of identification of TSSs and subsequent extraction of appropriate promoter sequence for further analysis. Identification of TSSs and extraction of promoter sequences as accurately as possible are essential for our promoter analysis. In principle, TSS can be identified by mapping the full-length mRNA to the genome. However, mRNA sequences are From the six datasets (R1, R4, R5, R6, R7 and R10) for which we had full access to data, we were able to identify 21 259 unique genes. There have been additional 5246 micorarray entries, which we were not able to associate to the respective genes.
frequently not full length and many mRNAs stored in public databases miss the most 5 0 part sequences (35) . To cater to this problem, in this study we used both PromoSer (9) and FIE2 (10) tools to extract promoter sequences with high accuracy. Both tools are publicly available (websites in Materials and Methods).
Obviously, bioinformatics methodology has its strength to detect functional motifs on genome scale as suggested by a recent review (36) . Computational algorithms have been applied in a recent genome-wide screen for high-affinity ERE in human and mouse (36) . However, our study differs in at least four important aspects from Bourdeau et al. (37) . Contrary to Bourdeau's, where, in principle, equal importance is given to nucleotides of the core ERE motif, we used PWMbased model to detect the presence of ERE sequences. Even in the above study, binding ability of ER to ERE shows big difference ranging from <20% to >80% in an array of single replacement in the core ERE. Thus, simply allowing single or two bases difference in ERE motifs in screening for functional EREs is not appropriate. Second, in prediction of ERE motifs, we used Dragon ERE Finder which utilized two groups of PWM models: one which describes EREs which maintain ER binding, and the other which abolish ER binding abilities, because even a single nucleotide replacement in ERE can completely eliminate ER binding (26) . Third, we used 117 bp ERE frame (see Materials and Methods) which contains a 17 bp core ERE pattern and similarity between such frames in different human promoters to predict functional relationship among estrogen responsive genes. Large segments of promoter sequences used by ERE frames reduce dramatically the number of false positive prediction caused by random similarity. Fourth, we used much more accurate promoter regions.
In conclusion, we propose a simple and efficient computational approach to identify human genes which are responsive to estrogen and are probably characterized by direct interaction between their ERE regulatory units and ERs. Our prediction has been extensively evaluated by both examining results from published microarray studies and manual literature checking. By this, we demonstrate that we can make partial function assignment to genes suggesting its responsiveness to estrogen. This method can significantly cut down the number of candidates to be tested as estrogen target genes and provide functional clues for a group of human genes that lack any functional information. However, only a subclass of estrogen responsive genes is covered by our method. The limitation of this approach is that genes reacting to estrogen through membrane receptors (12) or other TFs (13) are ERE-independent and their function cannot be suggested by this method.
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